Abstract-Performance of a slot metal clad THz QCL waveguide to suppress higher order lateral modes is elucidated here. Results demonstrated here show that the proposed structure provides as high as 4-fold rise in gain threshold for the higher order modes.
I. INTRODUCTION
N recent years there has been considerable interest in exploiting the frequency bands in the terahertz (THz) regime, to open up new frontiers of research across diverse ranges of applications. An array of opportunities for creating novel technologies using this frequency band had remained largely unexplored and undeveloped for considerable period of time due to lack of suitable compact sources. Quantum Cascade Laser (QCL) has recently emerged as the most promising compact semiconductor based source for terahertz generation. In general, it is challenging to achieve lasing particularly in the longer wavelength region from compact semiconductor structures due to the requirement to have strong optical confinement within the active core region. Surface plasmon waveguides were utilized for QCL's operating in the THz domain to address this issue. By far two design schemes have been widely utilized namely semiinsulating and metal-metal waveguides. The greatest promise has so far been demonstrated by metal-metal waveguides where the active region is sandwiched in between metallic cladding and substrate layers. On the contrary semi-insulating waveguides suffered from poor optical confinement and high absorption losses albeit giving high output power.
QCL's are widely used in many areas of terahertz applications out of which the most notable ones are in spectroscopy, heterodyne detection and imaging. For imaging, a high optical confinement, good far field profile and high output power from QCL cavity is of paramount importance. This can easily be achieved from a metal-metal QCL cavity with a wider ridge. However, wide ridge QCL's are prone to lasing with higher order lateral modes as lasing thresholds for fundamental and higher order lateral modes are similar. This would result in multiple lobes in the far field profile, which could potentially have adverse consequences in applications such as imaging. To avoid lasing with higher order modes, Fan et al. [1] proposed a waveguide based on narrow metal cladding. The device reported also demonstrated better temperature performance than any previous reports.
In the analysis presented here, we show that a slot metal clad waveguide for edge emitting devices can significantly enhance the degree of suppression of higher order modes. By performing a rigorous full vectorial finite element simulation [2] , we will show that the modal losses of the higher order modes can increase by as much as 4 folds of the fundamental mode in the proposed structure. 
II. RESULTS
The structure reported here is schematically shown in Fig.  1 . The slotted regions were placed W 1 ȝm away from the edges of the QCL cavity. The refractive index for the doped GaAs was calculated using the Drude-Lorentz formulation with relaxation constants of τ = 1ps and τ = 0.1ps for the lightly and heavily doped semiconductors respectively. The refractive index for active layer was considered to be 3.49+ j 0.0061. For the Au layers, a frequency dependent refractive index of 240 + j400 at λ=100μm was considered. The width, W (where, W = W 2 +2W 1 +2δ), of the guide was fixed at 200 μm. The performance of the QCL was evaluated using the conventional figure of merit otherwise known as the threshold gain, which can be defined as g th = (Į w +Į m )/ī where Į w , Į m and ī are the waveguide loss, mirror loss and the power confinement in the active area respectively. The waveguide loss was calculated from the imaginary part of complex propagation constant of the lasing mode as Į w =2jȖ. Mirror loss was then calculated from the approximation Į m = -ln(R)/L, where the mirror reflectivity R, was calculated using the effective index method. The length of the cavity, L, was taken to be 0.3 cm. The optical confinement factor, ī, was obtained from the Poynting vector relation [3] .
In the earlier report, Fan et al. demonstrated the performance a narrow clad QCL guide (W 1 = 0 and δ = 2.5 μm) where they also reported a higher operating temperature for the device. In this study we have shown that the proposed structure can suppress the lateral modes better than the narrow clad guide.
In order to understand the effect of horizontal slots on the performance of the lasing modes, the width of the outer metal cladding layer W 1 was varied (increased) whilst reducing the width of the inner metal layer, W 2 . A constant waveguide width (W) and slot width (δ) was maintained at 200 and 3.0 μm respectively. 
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In order to understand the effect of horizontal slots on the performance of the lasing modes, the width of the outer metal cladding layer W 1 was varied (increased) whilst reducing the width of the inner metal layer, W 2 . A constant waveguide width (W) and slot width (δ) was maintained at 200 and 3.0 μm respectively. Effective index, waveguide loss and the optical confinement of the fundamental and higher order lateral modes were rigorously analyzed. The variation of effective indices of the modes is shown in Fig.2 . For the TM 03 and TM 02 mode a sharp variation in their effective index profile can be observed with increasing outer metal width W 1 . On the other hand a less steep variation can be seen for TM 01 and TM 00 mode. It is important to mention here that when the width of the outer metal layer is sufficiently large (larger than the cut-off width for the fundamental TM 00 mode, W~25 μm), the guide begins to support a fundamental 'side lobe mode' whose H-field intensity profile is shown as an inset to Fig.2 . The effective index of 'side lobe mode' was observed to vary strongly as a function of W 1 and was noticed to interact with the lateral higher order and fundamental modes (evident by their intersecting effective index profiles). This resulted in localized discontinuities in their effective index profiles. Such effect was also observed in the waveguide loss of the modes. The variation of waveguide loss as a function of W 1 is shown in Fig.3 Next, to compare the performance of the slot clad QCL guide in suppressing lateral modes, the gain threshold values obtained were compared with the narrow clad and conventional QCL guides. The gain threshold values for the fundamental and higher order modes are shown in Fig.4 for three types of QCL waveguides. The legends inset corresponds to the values obtained from the three guides. It can be clearly observed here that the higher modes have higher gain thresholds in a slot-clad waveguide (shown with blue triangles) than narrow clad waveguide (shown with red squares). It is also interesting to observe that almost negligible rise in gain threshold was observed for the fundamental TM 00 mode. Hence, an inference can be drawn here that in a slot clad QCL, it will require a higher level of gain in order to excite the higher order modes compared to narrow clad or conventional QCL waveguide.
III. CONCLUSION
We have shown here that by introducing slotted opening regions in the upper interface of a QCL cavity, it is possible to introduce additional losses and thereby enhance the suppression of the lateral higher order modes in an edge emitting THz QCL waveguide.
